RNAs of Cymbidium ringspot virus (CymRSV) was used to study the mechanism of DI RNA evolution. It was shown that a highly base-paired structure in the 3h region of the longer DI RNA directed the formation of smaller DI RNA molecules. Mutations which increased the stability of the computerpredicted, highly structured 3h region of the longest DI RNA of CymRSV significantly enhanced the generation and accumulation of the smaller derivatives. Sequence analysis of smaller progeny molecules revealed that the highly base-paired region was deleted from the precursor DI RNA. Moreover, sites of recombination were found in other regions of the DI RNA progenies due to transposition of the highly base-paired structure. It is likely that the deletion event was structure-and not sequencespecific, and operated when a foreign sequence containing a 37-nt-long base-paired stem was inserted at the appropriate position of DI RNA.
Mutational analysis of defective interfering (DI)
RNAs of Cymbidium ringspot virus (CymRSV) was used to study the mechanism of DI RNA evolution. It was shown that a highly base-paired structure in the 3h region of the longer DI RNA directed the formation of smaller DI RNA molecules. Mutations which increased the stability of the computerpredicted, highly structured 3h region of the longest DI RNA of CymRSV significantly enhanced the generation and accumulation of the smaller derivatives. Sequence analysis of smaller progeny molecules revealed that the highly base-paired region was deleted from the precursor DI RNA. Moreover, sites of recombination were found in other regions of the DI RNA progenies due to transposition of the highly base-paired structure. It is likely that the deletion event was structure-and not sequencespecific, and operated when a foreign sequence containing a 37-nt-long base-paired stem was inserted at the appropriate position of DI RNA.
Defective interfering (DI) RNAs are shortened forms of viral genomes that have frequently lost all the essential viral genes required for movement, replication and encapsidation. DI RNAs require the presence of a helper virus for trans-acting factors necessary for replication and, in general, accumulate at the expense of the helper virus from which they are derived. Interference with the helper genome often results in remarkable symptom attenuation (Roux et al., 1991) . DI RNAs are commonly found associated with both animal and plant virus infections ; however, the presence of DI RNAs in plant virus systems is less prevalent. The family Tombusviridae may be an exception because an increasing number of DI RNAs are found associated with it. The most extensively studied plant virus DI Author for correspondence : Jo! zsef Burgya! n.
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The nucleotide sequence of TBSV-P genomic RNA has been deposited in the EMBL and GenBank nucleotide databases under accession number U80935.
RNA systems are those found in association with tombus-and carmoviruses (Simon & Bujarski, 1994 ; Russo et al., 1994) .
Cymbidium ringspot virus (CymRSV) DI RNAs are among the most extensively studied. DI RNAs are incapable of autonomous replication but contain all the necessary cis-acting elements for replication (Havelda et al., 1995) . Trans-acting products required for CymRSV DI RNA replication are expressed from ORFs 1 and 2 of the CymRSV genome Kolla! r & Burgya! n, 1994) . During the replication of CymRSV genomic RNA a series of DI RNAs are generated de novo, ranging in size from approximately 0n4 to 0n7 kb (Burgya! n et al., 1991) . The largest DI RNA (DI-13) of 679 nt is made up of three blocks of sequence (A, B and C) derived from the CymRSV genome (Burgya! n et al., 1989 (Burgya! n et al., , 1991 . Block A contains the first 164 nt of the genomic RNA ; block B consists of the central 112 nt of the polymerase gene ; block C is 403 nt long and corresponds to 49 nt of the carboxyl terminus of the 22 kDa protein gene and the entire 3h noncoding region of 354 nucleotides (Fig. 1 a) . Smaller DI RNAs essentially have the same sequence blocks, but with progressive deletions in blocks A and C, whereas block B is mostly unaffected, showing only minor variations at the termini (Burgya! n et al., 1991) . Based on sequence data, it has been suggested that the smaller DI RNAs (e.g. DI-2, 403 nt) are derived from the larger ones (e.g. DI-13) by deletion of the highly structured central region of block C (Burgya! n et al., 1991) . Similar observations have been made in the related tombusviruses cucumber necrosis virus (CNV ; Finnen & Rochon, 1993) and tomato bushy stunt virus (TBSV ; White & Morris, 1994 a, b) .
Several replicase-mediated mechanisms for DI RNA generation in tombusviruses have been described and most are related to the secondary structure of the replicating RNA molecules a, b, 1995 . It is likely that one model suggested for TBSV RNA (White & Morris, 1995) may also operate for CymRSV RNA. In this model, a local intramolecular base-paired region mediates the deletions in TBSV DI RNA as the replicase bypasses this highly structured region. This mechanism was originally described for brome mosaic virus (BMV) RNA as heteroduplex-mediated recombination (Nagy & Bujarski, 1993) .
The aim of the present study was to investigate the role of the computer-predicted secondary structure in the 3h-terminal BCCI region ( Fig. 1 a) in the evolution of CymRSV DI RNAs. The DI-13 cDNA clone described above (Burgya! n et al., 1991) was used for the mutational studies. Since the replication of CymRSV DI-13 is supported by a related tombusvirus, TBSV pepper isolate (TBSV-P) from Hungary, and the genomic RNA sequence of TBSV-P is sufficiently different from CymRSV (Z. Havelda, unpublished observation), this virus was chosen as helper. Progeny molecules of DI-13 RNA could then be distinguished from DI RNAs generated de novo from the helper genome, or from recombinants between DI-13 and helper TBSV-P RNAs. The preparation of a full-length cDNA clone and infectious transcripts of TBSV-P will be described in a future report (G. Szittya, personal communication) .
The first series of experiments tested our suggestion that naturally occurring DI-13 RNA is the precursor of smaller DI RNAs generated de novo during the replication of CymRSV (Burgya! n et al., 1991) . Ten Nicotiana clevelandii plants were inoculated simultaneously with in vitro transcripts of DI-13 and TBSV-P genomic RNA. Preparation of infectious transcripts and plant inoculation were as described by Dalmay et al. (1993 Dalmay et al. ( , 1995 . Northern blot analysis (Sambrook et al., 1989) of RNA extracted from the non-inoculated leaves of these plants showed that there was no detectable accumulation of DI RNA species other than the input molecule ( Fig. 1 b) . This result indicates that no smaller RNA(s) was formed or that it was not sufficiently competitive with the input DI-13 RNA. However, when a second series of plants were inoculated with the total RNA extracts shown in Fig. 1 (b) , accumulation of small de novo DI RNAs, together with input DI-13 RNA, were observed in nine out of ten infected plants (Fig. 1 c) . The progeny molecules of DI-13 RNA were RT-PCR-amplified, cloned into pUC18 and sequenced. Three or four progeny molecules were sequenced from each plant and the nucleotide sequence of the small DI RNAs revealed that, except in one case (plant number 7), each plant contained only one type of deletion mutant. Moreover, they were all derived from the input DI-13 RNA, but the highly structured central region of block C was deleted with different portions of flanking sequences ( Fig. 1 a, d ). These results indicate that the formation Fig. 1 . (a) Schematic representation of the CymRSV DI-13 RNA ' genome ' and a secondary structure prediction for the last 403 nt (residues 277-679 ; boxed) at the 3h terminus. The structure was generated using the program MFOLD of the UWGCG. Genomic RNA sequences conserved in DI RNAs are represented as blocks and deleted regions are depicted as lines. Total numbers of conserved nucleotides are shown above the blocks. Total numbers of deleted bases are shown below the lines. Boxes with dashed lines indicate the different regions of the predicted secondary structure. Numbered arrowheads indicate pairwise recombination sites resulting in the smaller sized molecules derived from DI-13 RNA in each inoculated plant analysed (see text) and refer directly to the lane numbers of the Northern blot shown in Fig. 1 (c) . The b following the number 7 indicates that more than one type of recombinant molecule was found in this sample. (b, c) Northern blot analyses of RNAs extracted from plants inoculated with DI-13 and TBSV-P RNA transcripts (b), or with total nucleic acid isolated from each plant in blot b (c). The lanes correspond to individual plants. G, and sg1 and sg2 indicate the positions of helper genomic and subgenomic RNAs, respectively. DI-13 indicates the position of both wild-type and mutant DI-13 RNAs. R indicates the smaller sized recombinant RNAs. Hybridization was done using a 32 P-labelled, nick-translated probe of a clone containing only the central block B (blot b) of DI-2 RNA, or the whole DI RNA sequence (blot c). (d) Sequence alignments of wild-type DI-13 RNA and its progeny molecules. The first row shows the wild-type DI-13 RNA sequence around structural motif 1. Numbers above the sequence indicate the positions of nucleotides in the DI-13 RNA sequence. The nucleotide sequences of the de novogenerated progeny molecules are shown below the DI-13 sequence. Dashes indicate deleted nucleotides. Numbers in brackets refer to plant RNA extracts shown in blot c and indicate the origin of the deletion mutant.
and accumulation of the smaller DI RNAs above a detectable level (by RT-PCR) requires at least one additional passage.
The recombination sites of the smaller DI RNAs were distributed upstream and downstream of the highly structured central region of block C (motif 1) (Fig. 1 a, d) , suggesting that the viral replicase bypassed this tract during synthesis of the negative strand. Moreover, the smaller molecules generated de novo must be highly competitive with their progenitor.
To test the competitiveness of the smaller DI RNAs, N. clevelandii protoplasts and plants were co-infected with different molar ratios of DI-13 transcript and the de novo-generated, smaller DI-2 RNA (Burgya! n et al., 1991) . The results (Fig. 2) show that the accumulation of DI-13 in protoplasts was reduced, compared with its accumulation when inoculated alone with the helper genome. The accumulation of the two DI RNAs was similar even when the larger molecules were in a 10 : 1 molar excess (Fig. 2) . These results suggest that the smaller RNAs, once formed, are likely to accumulate to detectable levels. Similar results were obtained with whole plants (data not shown).
To analyse the role of the predicted secondary structure of block C (Fig. 1 a) in the de novo generation of smaller DI molecules, mutations were designed to modify the stability of this structure. Four constructs were prepared enhancing the stability of motif 1 by extending the base-paired region up to 18 (M1-18), 24 (M1-24), 27 (M1-27) or 33 nt (M1-33). Mutants were prepared by site-directed mutagenesis (Kunkel et al., 1987) to the original DI-13 sequence (Burgya! n et al., 1991) . In vitro transcripts from each mutant were used to infect ten N. clevelandii plants in the presence of helper TBSV-P. Total RNA was extracted from systemic, symptomatic leaves of each inoculated plant. Northern blots of these RNA extracts and sequence analysis of progeny molecules indicated that the modifications made in M1-18 and M1-24 mutants marginally increased the formation and accumulation of the smaller molecules (Fig. 3 a, lanes 4 and 9 ; Fig. 3 b, lanes 1, 2 and 6 ). The majority of the sequenced progeny of mutants M1-18 and M1-24 were the same as the input RNA. The recombination sites of deletion mutants were found in the expected locations (upstream and downstream of motif 1 ; Fig. 3 a, b ) except one progeny DI RNA (number 6 of M1-24), which still contained the modified motif 1.
The mutant M1-27 contains motif 1 with an extension of 27 bp which is interrupted in two positions (Fig. 3 c) . The result of this modification was similar to the previous two mutants. The accumulation of new deletion mutants was observed in five infected plants (Fig. 3 c, lanes 4 , 5, 7, 8 and 10) and had recombination sites in similar locations to those DI RNAs derived from M1-18 and M1-24. Among progeny molecules of the mutant M1-27 we found a deletion mutant (number 5) which was similar to number 6 of M1-24, suggesting that this site may be a rare site of recombination. The presence of this molecule also indicates that it is highly competitive once formed.
Further extension of the base-paired region of motif 1 up to 33 nt dramatically enhanced the generation and accumulation of deletion mutants. Total RNA extracted from each plant inoculated with M1-33 and helper TBSV-P transcripts contained smaller DI RNAs derived from the M1-33 mutant (Fig.  3 d) and, in two cases, only the deletion mutants were detectable (Fig. 3 d, lanes 6 and 10) . The recombination sites were located upstream and downstream of the 33-nt-long base-paired stem suggesting that the replicase was frequently unable to unwind the 33-nt-long base-paired structure and bypass it. Without exception, the sequenced recombination sites of the smaller recombinant DI RNAs were found close to the predicted double-stranded tract. The distribution of intramolecular recombination sites suggests that higher order structure rather than a specific sequence motif is involved in this mechanism, as demonstrated for turnip crinkle virus (TCV) recombination (Simon & Bujarski, 1994 ; Carpenter et al., 1995) .
To test whether sequence or structure was specifically involved in these deletion events, 39 nt of foreign sequence derived from potato virus Y, Hungarian strain (PVY-H ; Thole et al., 1993) were inserted as an inverted head-to-head repeat between the C1 and C2 blocks of DI-22 RNA to create the mutant designated DI-22Y78. The two complementary sequences in this mutant can form a 37-nt-long base-paired stem at exactly the same position as motif 1 of DI-13 RNA (Fig. 1 a) . This mutant was viable and accumulated in the presence of helper genome, but sequence analysis of progeny molecules revealed that the inserted, base-paired structure was almost completely deleted and only a few nucleotides (1-6) were retained from the inserted sequence (not shown). However, if the original 39 nt (or a longer, up to 238 nt) foreign PVY-H sequence, without a predicted secondary structure, was inserted into the same position, these mutants were stable and replicated to similar levels as wildtype DI-22 RNA . This experiment further demonstrated that structure and not a specific sequence was important in the evolution of smaller DI RNAs from the larger progenitors. Analysis of the sequence composition of progeny molecules derived from either wild-type or mutant DI-13 RNAs showed that they have a very similar primary structure, which suggests that these molecules have a selective advantage during RNA replication and that their accumulation is a result of their competitiveness and not because they were specifically generated by the presence of a highly base-paired region, as suggested.
To resolve whether the accumulation of these progeny . Hybridization was done with a 32 P-labelled nick-translated probe of a clone containing only the central block B (panels b, d) or the complete sequence of DI-2 RNA (panels a, c, e) . Lanes correspond to individual plants.
molecules was due to the specific structure of their progenitor, or to the competitiveness of the resultant progenies, another mutant, M2-30, was constructed using the oligonucleotides 5h and 5h AGGTCTAACGA-GATCTCGTTAGACTTCGAGCAGACACGAGATCCAT-GCC 3h (472-511). The modified nucleotides are indicated as above. In this mutant, another region ( Fig. 1 a, motif 2 ) of wildtype DI-13 molecule was modified. The internal loop and bulges were eliminated from this region by site-directed mutagenesis generating a 30-nt-long perfectly base-paired structure (Fig. 3 e) . These modifications did not affect the replication of the molecule, but resulted in the accumulation of smaller DI RNAs (derived from M2-30) in each inoculated plant (Fig. 3 e) . Sequence analysis of these smaller M2-30 derivatives clearly indicated that transposition of the strong secondary structure to another region was followed by transposition of the recombination sites (Fig. 3 e) . Again, the majority of recombination sites were found close to the basepaired region and distributed upstream and downstream of the modified motif 2.
It is important to note that small, naturally formed DI RNAs with a sequence composition similar to the DI RNAs derived from M2-30 are rare (less than 5 % of natural CymRSV DI RNAs sequenced so far ; J. Burgya! n, unpublished observation). However, once formed, they replicate efficiently (e.g. progeny 6 and 5 derived from M1-24 and M1-27, respectively ; Fig. 3 b, c) .
These results provide evidence that the appearance of the unusual DI RNAs derived from M2-30 are related to the intramolecular secondary structure which dictates the deletion mechanism, and not to a selection of replicating molecules. Deletion junctions were perfectly matched in most of the clones sequenced (not shown). This can be taken as an indication that smaller DI RNAs are formed by ' continuous ' transcription without any replicase error (addition or subtraction of bases), rather than by discontinuous transcription, which is a characteristic of recombinant satellite RNAs of TCV (Simon & Bujarski, 1994) . A similar conclusion was drawn from sequence analyses of progeny molecules derived from CymRSV satellite-DI hybrids (Burgya! n et al., 1992) .
More recently, a similar result was obtained with an artificially constructed TBSV DI RNA mutant in which a 191-nt-long double-stranded tract could form between two complementary sequences (White & Morris, 1995) . However, this 191-nt-long base-paired stem was far from the natural structure of the tombusvirus genome and the role of competitiveness in the accumulation of progeny molecules was not analysed.
Our results agree with heteroduplex-mediated recombination, which was first described in BMV (Nagy & Bujarski, 1993) and suggest that a very similar intramolecular secondary structure-dependent deletion mechanism also operates in CymRSV. This deletion mechanism does not involve any particular primary sequence, which is also a characteristic of the heteroduplex-mediated recombination mechanism, but contrasts with the recombination mechanism described for TCV (Cascone et al., 1993 ; Simon & Bujarski, 1994 ; Carpenter et al., 1995) . The minimum length of double-stranded RNA structure which can promote efficient recombination in BMV was estimated at between 20 and 30 nt (Nagy & Bujarski, 1993) . When the base-paired structures in CymRSV DI RNAs were up to 30 or 32 nt long, deletions in progeny molecules were very frequent in each inoculated plant. However, 18-and 24-nt-long base-paired structures in mutants M1-18 and M1-24, respectively, were not very efficient at promoting deletions. Thus it can be concluded that BMV and CymRSV replicase complexes have similar unwinding capacities, in spite of the fact that the RNA polymerases in the family Tombusviridae do not contain any identifiable helicase-like motifs (Koonin & Dolja, 1993) . It is unlikely, therefore, that the presumed lack of helicase activity alone causes frequent DI RNA generation.
